Abstract. In this paper the modelling of special biomechanical mechanism and application of shape memory materials are presented. The model of the human middle ear is made as multibody system. The basic 3dof ear model of the healthy middle ear is modified to represent the damaged ear. A damaged of the ossicular chainis taken into account by adding gap in visco-elastic joints. In addition, an attempt of the ossicles chain reconstruction through prosthesis made of shape memory alloy is presented. Moreover, a new description of the hysteresis sub-loop which characterise prosthesis material is proposed. Finally, dynamic responses of healthy, damaged and reconstructed models of the middle ear are compared by quality index.
Introduction
The human body is a complex object that receives information from the environment using the senses: eyesight, hearing, touch. With the development of anatomy, it was possible to know the structure of the hearing system. However, research on a living object is difficult. Therefore, the doctors and researchers strive to create models, which allow to study how a damaged or undamaged human ear works. In the literature different type of ear models are proposed. In some papers the finite element method is applied to model middle ear [1, 2] . Substitutes models, for example the lumped parametric models are created as a alternative method. In paper [3] Feng and Gan present the multibody model, where six lumped masses are connected by visco-elastic joints. This biomechanical system includes such elements as: the external ear canal terminated with tympanic membrane, three ossicles (so called: the malleus, the incus, the stapes) and the cochlea. In paper [4] the authors limited the model only to the middle ear part. This approach allows testing the transmission of the signal (sound) through the hearing ossicles.
In the first part of this work, a three degrees of freedom model of middle ear is presented. The model is tested for two cases, the healthy and damaged. The damage of the middle ear can be caused by a past illness, sudden injury and so on. As a consequence a loss of continuity of the connection between the ossicles can cause. The separation of the middle ear bone in the model is made by adding a gap in the links between: malleus-incus or incus-stapes. The damage of this type can be cured through the middle ear prosthesis. A typical prosthesis is made of titanium and has to be cut during the operation in order to get the proper length [5] . Therefore, new material to active control length is searched. Rusinek and others propose the prostheses made of alloy with shape memory effect (in short SMA) [6] , for example NITINOL. Generally, SMA is the material where the shape depends on temperature and/ or stress. In the second part of this paper a model of SMA spring used to reconstruct ossicles chain as the prosthesis is presented. The prosthesis is mounted between the tympanic membrane and the stapes. After reconstruction the model of middle ear was reduced to system with two degrees of freedom because usually the incus is removed. The dynamic responses of the considered models: the healthy ear, the damaged ear and the reconstructed ear with the help of SMA prosthesis are compared by a proposed quality index.
2 Modelling and analysis of dynamics of the biomechanical system
Dynamics of healthy middle ear model
In this section the model of the human middle ear is presented. The applied multibody system is based on proposition presented in papers [4, 6] . Three rigid body represent ossicular bones. The symbols m M , m I , m S describe lumped masses of the malleus, the incus and the stapes, respectively. These ossicles are connected to each other and to the other elements of the human ear by visco-elastic joints (figure 1).
Fig. 1. Three dof model healthy middle ear
The values of system parameters have been taken from literature [4, 6] as follows : 
where: k S0 = 0.825 N/mm, k S1 =300 N/mm 2 , k S2 =2.25x10 15 N/mm 3 . Finally, the healthy middle ear system can be described by the following ordinary differential equations of motion:
The numerical simulations of the system described by Eqs.2-4 are made in Matlab software. Figure 2 shows the root mean square of stapes responses RMS(x S ). The RMS values is calculated in time window from 1 to 2 second. The healthy system is excited by periodic signal, where amplitude q is changed from 0.1 N to 4 N and ω from 300 to 5000 Hz. a) b)
Fig. 2. The 3D characteristic of stapes responses for healthy ear (a) and its isolines interpretation (b)
In the next analyses, the characteristic presented in fig.2 is used as reference to compare the healthy system with the damaged and reconstructed by SMA prosthesis one.
Analysis of damaged middle ear models
To model the damaged middle ear the model of healthy ear ( fig.1 ) is modified. The added modifications of the model should show how loss of connection continuity in ossicles chain influences to level of stapes vibrations. In the numerical model of the damaged system the discontinuities in two connections have been assumed. Generally, the existence of the gap in visco-elastic joint can be modelled by changing the values of the stiffnes and damping coefficients to zero with no contact [7] . Two versions of the model with defect are developed, where during simulation only one discontinuity is included, ∆ MI or ∆ IS . In these models the description of a damage has the form:  first variant -only gap ( MI  ) beetwen malleus and incus, then the coefficients k MI and when
Still the numerical simulations is made in Matlab software, where ∆ MI = 0.001 μm or ∆ IS = 0.001 μm is applied. The obtained results for the healthy system and the damaged ones (the first and the second variant) are compared using the quality index. In this paper the proposed index J 1 is defined as:
To calculate the value of this index the responses of the stapes are recorded. The root mean square is calculated for the healthy ear signal and the damaged ear system. For the damaged system the stapes responses may be significantly shifted (x S,mean is not zero). This fact is reflected in the quality index, from displacements x S the mean value x S,mean is subtracted. Generally, index J 1 describes dynamic change of the stapes response. The stapes is last element of ossicles chain. Level of its vibrations has decisive influence to transmision signal to the internal ear. The obtained results (Fig 3 and 4) present the influence of defects to vibrations of stapes. Very small gap causes a decrease in the vibration level of the last element of the middle ear. On the colormap in the resonance area about 1000 Hz dominates the white color. In damaged systems the vibrations were higher for higher frequencies (gray color, performance index >1).
Model of SMA system

Model of the SMA prosthesis
Damaged systems are reconstructed using SMA prosthesis. In this section the prosthesis is modeled as the spring made of shape memory alloy. It was assumed that prosthesis is a cylindrical rod with diameter 0.5 mm and length 4 mm. On the basic of the paper [8] the model included pseudoelastic and hysteresis effects is developed. The idealized curve of the external hysteresis loop based on points (∆x 1 ,F 1 ), (∆x 2 ,F 2 ), (∆x 3 ,F 3 ), (∆x 4 ,F 4 ) is presented in Fig.5 . These points are calculated with stress and strain assumption: ϵ 1 =1%, ϵ 3 =7%, σ 1 =20 MPa, σ 3 =30 MPa. From these coordinates the cooeficients of characteristic lines are defined:
Fig. 5. Accepted characteristic of external loop
Here, a new model of sub-loops hysteresis is proposed. It does not describe the course of the process, phase deformation from martensite to austenite and vice versa. The model can only approximates the idealized shape of the curves. Nonlinearities are caused by stress, this is so-called pseudoelastic effect. Generated force by SMA element is described by In the proposed description of the hysteresis effect, the indicated order of checking the above conditions is important. Figure 6 The obtained characteristics give possibility to realize the trends observed in the literature [8, 9] .
Ear model with SMA prosthesis
The SMA prosthesis is usually mounted between tympanic membrane and stapes. Therefore, 2dof model of the reconstructed middle ear is proposed ( figure 8 ). In this case the malleus and the incus are removed. The damage ossicular chain is reconstructed with prosthesis. In the proposed model the body m p is used to replace substitute prosthesis mass. It calculated directly from the volume of the cylindrical rod is about 5 mg (density 6500 kg/m 3 [6] ). The prosthesis is held in the prescribed position through the preload F preload . The cylindrical rod made of SMA is squeezed by the surgeon between the membrane and the stapes. In the mathematical description of the reconstructed middle ear the following form of force F is included:
where ∆x= x P -x S and x preload is initial prosthesis deformation generated by preload (F preload =2.5 N). The total force and deflection of SMA spring are defined as F SMA =F+F preload , ∆ SMA =∆x+x preload , respectively. Modified hysteresis description form, the equation (14) based on (13) and it allows to easy consideration of the preload in the numerical model of SMA spring. Finally, 2dof system is described by equations: The obtained results show that proposed prosthesis can be used to reconstruction damaged ear. In this case for the majority of parameters the stapes vibrations are higher than in healthy system. Only near the resonance area are they smaller, white color on colormap. Minimal values of quality index J 2 is about 0.9. 3D characteristics suggests that first natural frequency of reconstructed model is shifted relative to healthy ear. It can cause the problems with normal hearing at higher frequency. The detailed impact of the prosthesis parameters on the reconstructed model dynamics will be presented in the next study. The 
Conclusions
In the paper the classic models with multiple degrees of freedom (2 or 3dof) have been used in modelling the human middle ear. In comparison with previous studies two discontinuities (nonlinearities) have been introduced in the ear models. First, the discontinuity of connections between the malleus and the incus or the incus and the stapes has been tested. The numerical results for very small gap (only 0.001μm) are shown to represent ossicular chain damage. This damage causes visible decrease in stapes vibrations. From comparison both defects (gray areas in fig. 3 and 4) it can be seen that the region of undesirable signal is more increased by damage between the incus and the stapes. The reconstruction of the ossicles chain by means of SMA prosthesis gives satisfying results. This analysis will be extended in next contribution. Moreover, new model of nonlinear hysteresis effect in SMA materials is proposed. The performed simulations confirmed that proposed description is adequate to include hysteresis effect in the model of reconstructed middle ear. In the analyzed model the hysteresis effect is evident at high amplitudes of excitation. Then it is possible to obtain different hysteresis path (internal sub-loops or only external curve). In future research on reconstructed middle ear with the help of shape memory prosthesis will be developed theoretically and experimentally.
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